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more than diffuse-porous and coniferous species. These findings apply in general to disturbances 47
Introduction 51
Tree and forest response to spring defoliation is a complex process. Trees lose photosynthetic 52 potential when they are defoliated early in the growing season, resulting in changes in growth. 53
They also die more often as defoliation stress interacts with other mortality factors. Yet trees are 54 long-lived, sessile organisms that must weather many disturbances over their lifetimes. In 55 adapting to this life history, they have become resilient to a wide range of climatic variation and 56 disturbance, including some amount of herbivory and defoliation. This adaptive resilience can 57 mask the effects of defoliation when disturbance years are observed in isolation, as some trees 58
show negligible response. Yet as stress accumulates over successive years of an outbreak, 59 changes in tree growth and mortality become more severe, consistent and interpretable 60 (MacLean 1980) . 61
Tree responses to stress are increasingly viewed through the lens of inter-specific 62 differences in functional traits including leaf and wood growth phenology, xylem anatomy, and 63 non-structural carbohydrate (NSC) storage (Wiley & Helliker 2012 , Panchen et al. 2014 , Sevanto 64 et al. 2014 ). Ensembles of these traits are often linked. For example, deciduous species that leaf 65 out later tend to have larger xylem vessels than species that leaf out earlier (Lechowicz 1984, 66 Panchen et al. 2014), while species that store NSC primarily in leaves (conifers) tend to break 67 bud latest of all (Hoch et al. 2003 , Michelot et al. 2012 ). These linkages may help explain 68 mechanisms of tree mortality under drought or other stresses (Sevanto et al. 2014 ), yet a 69 consensus on mortality mechanisms remains elusive (Wiley & Helliker 2012) . Insect defoliation 70 is a periodic stressor of trees that is rarely brought to bear on ongoing discussions of carbon 71 starvation or hydraulic limitation hypotheses (Anderegg & Callaway 2012, Landhӓusser & source of C during a critical growing period. A better understanding of functional differences in 74 tree response to defoliation would provide insight into responses to distinct climate-related 75 stresses such as drought or late frost. 76
Extensive research quantifies growth and mortality responses to defoliation, yet it 77 remains difficult to generalize the results across species and ecosystems due to the wide variety 78 of data, models, and scales used by individual studies (Feicht et al. 1993 , Hallet et al. 2006 . 79
These disparities present a significant obstacle to the development of general models that 80 simulate how defoliation affects forest productivity. While extensive reviews exist for general 81 (Kulman 1971 of defoliation that differ. These measures may be defined by quantitative limits (e.g. low, 85 medium, and high defoliation classes may correspond to 0-30%, 30-60%, 60-100% defoliation, 86 or other limits), but they are typically reported and discussed categorically. These limitations 87 leave a gap in our understanding about forest response to large-scale, recurring insect disturbance 88 that contributes significant uncertainty to landscape-and global vegetation models. 89
We can reduce uncertainty in forest models by quantifying the different ways species 90 respond to stress and how those responses are linked to functional traits. We can also improve 91 how observations from field-based studies are scaled to geographic extents that are compatible 92 with vegetation models. Recent innovations using satellite data to quantify and map defoliation 93 create the potential to link spatially accurate estimates of disturbance stress with forest 94 characteristics and response (Townsend et al. 2012 , Foster et al. 2013 . In order to improve forest 95 models with realistic representations of defoliation severity, we need numerical relationships that link accumulated defoliation stress to growth suppression or mortality. Examples of such 97 empirical relationships exist for few defoliator systems (MacLean 1980; Alfaro et al. 1982 ). In 98 this analysis, I compare defoliation responses among several species from different tree 99 functional groups. I converted published data to standardized variables that lend themselves to 100 stand-and landscape-scale forest models and examined the data for significant trends, 101 relationships and differences among defoliator systems. Specifically, I sought studies that allow 102 quantification of both accumulated defoliation stress, which I define in a manner similar to 103 MacLean (1980) as the sum of annual defoliation over multiple years of an outbreak, and the 104 associated responses in terms of growth and mortality. I expected sensitivity to defoliation to 105 differ both by species and by functional groups defined by general tree-growth strategies. 
Growth Response 152
Average radial growth decreased linearly with accumulated defoliation stress for 9 of 16 data 153 sets that reported usable data, and followed a negative exponential relationship for the remainder 154 (Table 1 , Figs. 1 and 2). Cumulative defoliation explained from 17 to 99% of the variance in 155 relative growth depending on the dataset, with typical R 2 values exceeding 0.80 (Table 1) . The 156 rate of growth suppression, i.e., the slope parameter, tended to vary bimodally. More sensitive 157 tree species-defoliator systems exhibited a negative slope equal to a 50-100% suppression in 158 growth for a 100% increase in cumulative defoliation ( Fig. 2a ) (Kulman, Hodson & Duncan 159 responses to a single year of defoliation. Species with slower, more moderate growth response 166 generated some radial growth even under severe defoliation, a trait characteristic of ring-porous 167
Quercus species, which have positive minimum growth thresholds due to their need to grow new 168 functional xylem cells every spring ( Fig. 1 ). Trees with growth falling below these thresholds 169 would presumably reach a point from which they are unable to recover and subsequently leave 170 the pool of survivors. The lone deciduous conifer, L. laricina, responded less rapidly than Pinus 171
species, reducing growth at rates intermediate between examples of P. tremuloides and juvenile 172
A. saccharum (Appendix S1). 173
Negative curvilinear growth responses to defoliation were mostly associated with 174 immature trees (Fig. 2) . These showed rapid early reductions in growth that were later 175 constrained by the theoretical minimum of zero (radial wood growth cannot be negative, though 176 stems will shrink under certain conditions ( curvilinear response is plausible in species that can survive many years without measurable 179 radial growth. Moreover, linear patterns become curvilinear if they approach lower bounds to 180 growth, and may simply represent a truncated view of the full relationship. This appears to be the 181 case for juvenile oaks that were manually defoliated by Wargo (1981) ( Fig. 2a ), whose growth 182 decreased more rapidly in a curvilinear fashion than mature, naturally defoliated oaks ( Fig. 1) . 183
Manually defoliated young L. laricina showed a similar curvilinear response ( Fig. 2a) When data from three studies of Pinus response, including mortality of young P. strobus 219 following GM defoliation and mature P. banksiana following Choristoneura pinus pinus (jack 220 pine budworm (JPBW)) defoliation (Baker 1941; Kulman et al. 1963) were combined (Fig. 3) , 221 the best fit model shows mortality increasing more rapidly for defoliated Pinus than Quercus 222 species (Fig. 3 functional group models suggests that functional group can be used as a surrogate to predict 239 growth and mortality response for tree species that lack data. It should be noted that mixed 240 models that vary only intercepts (Quercus, Pinus, Appendix S3) may be detecting differences 241 among the methods used by different studies to relativize growth responses against "normal" 242 growth, rather than meaningful biological differences among species. 243 244 Discussion 245
Relationship of growth and mortality responses to phenology, wood anatomy and NSC storage 246
Differences in growth strategies and wood anatomy among tree functional groups may help 247 explain the observed differences in shape and slope of the relationships reported here. For 248 example, oaks that survive several years of gypsy moth defoliation show a linear reduction in 249 growth of about 14-17% per 100% increase in defoliation. The best mixed models showed that 250 slopes did not differ significantly for analogous data collected in New England, Quebec, and 251 Russia (Baker 1941; Rubtsov 1996; Naidoo & Lechowicz 2001) (Appendix S3). Over the course 252 of an outbreak, radial growth was reduced by an average of 50-60% in these examples, but rarely 253 more. Temperate oaks are ring-porous species that must rely on large early wood vessels for 254 hydraulic transport. More than 90% of these vessels cavitate under freezing winter temperatures, 255 meaning that oaks' hydraulic architecture will not function from one year to the next (Sperry et reserves for seven deciduous and three evergreen tree species and estimated that typical C reserves in deciduous species could regenerate the equivalent of four canopies of foliage. This 281 estimate agrees with anecdotal evidence that many trees die following three to four years of 282 complete defoliation and is consistent with curvilinear mortality rates (Fig. 3, Appendix S2) . Conifers that retain foliage for multiple years employ yet another growth strategy that 318 contributes to a wider dynamic range of response to cumulative defoliation stress. Conifers that 319 retain two to three years of foliage (most Pinus) respond differently from those that retain four to 320 eight years of foliage age-classes (Abies, Pseudotsuga), as pines are generally more vulnerable to 321 their defoliators than firs. Conductive tissue in coniferous stemwood is made up of tracheids that 322 resist cavitation, a necessity for retention of green leaves throughout the winter dormant season 323 (Hinckley & Lassoie 1981; Tyree & Ewers 1991) . Like diffuse-porous species, conifers are not 324 dependent on radial growth to renew xylem function and can survive periods with no radial deciduous trees, conifers tend to utilize older foliage more than sapwood for NSC storage, and 327 rely on translocation from those stores to grow new foliage in the spring (Kozlowski 1992; Hoch 328 et al. 2003 ). New, current-year foliage is also responsible for a greater proportion of net 329 photosynthate production than older foliage. These characteristics mean radial growth response 330 to defoliation can range from 0-100%, and variation in preferential herbivory of old or new 331 foliage can produce linear or nonlinear relationships (Fig. 2b) . 332
The simple, general relationships compiled here indicate that increasing defoliation stress 333 slows carbon accumulation in host species through destruction of foliar biomass and suppression 334 of radial stem growth. Productivity can be slowed at different rates, depending on the plasticity 335 and phenology of tree growth response and defoliator characteristics. Continuous defoliation also 336 increases tree mortality exponentially. Mortality rates increase most rapidly in Pinus, followed 337 by diffuse-porous genera such as Acer and Populus, then Quercus, and more slowly in Abies and 338 Pseudotsuga whose pests exhibit different feeding behavior. Nonlinear growth and mortality 339 responses can lead to extreme short-term losses in aboveground carbon. These relationships 340 allow us to more accurately quantify and model landscape-level effects on forest carbon 341 accumulation. This framework and approach for quantifying the accumulation of defoliation 342 stress and associated growth and mortality responses can be used in future empirical research to 343 facilitate comparison across more defoliator systems. Table  508 S3-1). The best combined Quercus model varied intercepts but not slopes. Pseudotsuga menziesii, Picea abies, and Abies balsamea. The best fit mixed model (a., lines) 515 randomly varied slopes but not intercepts (Appendix S3, Table S3 -1). Lines in (b.) show model 516 fits from Table 1 and Table  716 S3-1). The best combined Quercus model varied intercepts but not slopes. 717
